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KASCADE-Grande was a multi-detector array to measure individual air showers of cosmic rays
in the energy range of 10 PeV up to 1 EeV. Based on full data sets measured by KASCADE-
Grande, an upper limit to the flux of ultra-high energy gamma-rays in the primary cosmic rays is
determined. The analysis is performed by selecting air showers with low muon contents due to a
small fraction of secondary hadrons in gamma ray showers to cosmic ray showers. A preliminary
result on the 90% C.L. upper limit to the relative intensity of gamma-rays with respect to cosmic-
ray primaries will be presented and discussed with limits reported in previous measurements in
this contribution.
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1. Introduction

Investigations of the galactic and extragalactic diffuse emission are potentially able to give
information about the source and propagation of galactic cosmic rays. The measured flux of diffuse
gamma-rays and its spectrum thus may provide new insights into the acceleration of cosmic rays.
Direct measurements of ultra-high energy photons by satellite or balloon-borne experiments are
difficult due to the low fluxes. This detection can, however, be accomplished by large area ground-
based detectors using the air shower array technique.

For the diffuse flux of ultra-high energy gamma radiation, there are two main plausible sources:
First source is due to decays of neutral pions produced by the collision of cosmic-rays with inter-
stellar gas and dust in the disk of the Galaxy. In this case, the predicted integral intensity is concen-
trated in the galactic plane. The second one is due to electromagnetic cascades resulting from the
interactions of extremely high-energy cosmic-rays with the 2.7 K cosmological microwave back-
ground radiation or topological defects in early Universe. In this case, this results in an isotropic
flux of secondary photons uniformly distributed over cosmological distances. Therefore, the mea-
surements of the diffuse isotropic gamma-ray flux might provide information on the ultra-high en-
ergy cosmic-ray components. In addition, this flux would represent a background for experiments
searching for the gamma-ray enhancement from the direction of the galactic disk.

Extensive air showers are mainly characterized by the total electron number and the total
muon number. In general, muons are produced by the decay of charged kaons or pions, which in
hadronic showers are produced in nucleus-nucleus interactions, whereas in photon showers only in
photoproduction processes. The ratio between the cross sections of photoproduction and nucleus-
nucleus interaction processes is very small, in the order of ∼ 10−3. Therefore, the usual strategy for
searches for primary gamma-rays in extensive air showers is to discriminate gamma-ray primaries
from the hadronic background by identifying muon-poor extensive air showers.

This contribution presents upper limits on the relative intensity of the gamma-ray component
of cosmic rays measured by the KASCADE-Grande experiment. In the analysis, nearly five times
more data sets of the gamma-ray simulations are used, compared to the one for the result in Ref.
[1], whereas the same method of the analysis is applied.

2. The KASCADE-Grande experiment

KASCADE-Grande was an extensive air shower experiment located at Karlsruhe Institute of
Technology (49.1◦ north, 8.4◦ east, 110 m above sea level). It operated until the end of 2012 and
all components were by now dismantled.

The KASCADE-Grande [2] array covering an area of 700×700 m2 was optimized to measure
extensive air showers up to primary energies of 1 EeV. It comprised 37 scintillation detector sta-
tions located on a hexagonal grid with an average spacing of 137 m for the measurements of the
electromagnetic and muonic shower components. Each of the detector stations was equipped with
plastic scintillators covering a total area of 10 m2. The angular resolution of KASCADE-Grande
is better than 0.5 ◦ over the whole energy range, so that it will allow us to perform also gamma-ray
searches.
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Figure 1: Trigger and reconstruction efficiency as a function of the number of charged particles for air
showers induced by photons, protons and iron primaries.

3. Gamma and cosmic ray simulations

An essentail part of the present analysis is the Monte-Carlo simulation of the experiment.
For the simulation of the physical processes in the air shower development the CORSIKA [3]
program has been used, applying hadronic interaction models. To determine the signals in the
individual detectors, all secondary particles at the ground level are passed through a complete
detector simulation program using the GEANT package. The predicted observables at ground level,
such as e.g. the number of electrons, muons and photons are then compared to the measurements.

The FLUKA [4] (E < 200 GeV) model has been used for hadronic interactions at low energies.
High-energy interactions were treated with different models QGSJETII-2 [5]. Showers initiated by
primary photons, protons, He, CNO, Si and iron nuclei have been simulated. The simulations
covered the energy range of 1014 - 1018 eV with zenith angles in the interval 0◦ - 60◦. The spectral
index in the simulations was -2 and for the analysis it is weighted to a slope of -3. The same number
of showers was generated for each particle type.

3.1 Efficiency

The trigger and reconstruction efficiency of KASCADE-Grande as a function of the shower
size, i.e. the number of charged particles, is demonstrated in Fig. 1. The efficiency is defined
by the ratio of the number of events in the reconstructed area to the number of events in the true
area, in which the binomial statistical errors are used. Efficiencies above one are due to cuts on the
reconstructed core positions, i.e. events falling outside the selected area can be reconstructed inside.
Full efficiency is reached at the number of charged particles of around 106 for air showers induced
by protons and iron primary particles, which approximately corresponds to a primary energy of
1016 eV. However, for showers induced by photon primaries the full efficiency is higher due to the
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missing muon trigger at large distances. The limit at high energies is due to the restricted area of
the Grande array.

4. The analysis and result

4.1 Selection of data

For this analysis full data sets taken from 2003 to 2012 were used, where only successfully
reconstructed and precisely measured events were selected. The core positions of the showers
are inside a circular area of 152,214 m2 around the center of the array to avoid large reconstruction
errors at the edges of the detector field. The zenith angle is smaller than 40◦ to ensure full efficiency.
After applying all quality cuts, we obtained in total ca. 1.7×107 events for a measurement time of
ca. 1865 days.

4.2 Gamma hadron discrimination

A scattered diagram of the observed number of muons lg(Nµ ) and charged particles lg(Nch) is
shown in Fig. 2. The simulated gamma-ray showers are superimposed as well. The blue data points
indicate the whole experimental data set, whereas the red one illustrate the simulated gamma-ray
events. The shower size is corrected to a zenith angle of 20 ◦ using the method of constant intensity
[6].

Since gamma-ray induced air showers are notable for their lack of muons, compared to hadronic
showers, we select a data sample enriched in photon showers by rejecting showers containing
muons, i.e., we therefore take a more conservative way in which the expected background is not
subtracted from the event number below the cut line.

The selection of muon-poor showers is indicated by the straight line in Fig. 2. This selection
is motivated by the simulated gamma-rays and its optimization is still under investigation. The
events below the straight line were taken into consideration for further analysis. They amount to
1060 out of a total of 17 millions events. In the region below this line the events are expected to be
mainly due to primary photons because air showers induced by heavy nuclei show a larger muon
to electron ratio.

4.3 Upper limit of Iγ/ICR

No possible excess of events consistent with a gamma-ray signal was seen in the data. Hence,
we assume that all events below the selection line are background and set upper limits on the
gamma-ray fraction of the cosmic rays. We estimate the 90% C.L. upper limit on the number
of observed events, applying standard statistical methods [7] and the efficiency for gamma-ray
detection.

Assuming that all events passing the gamma-ray selections are indeed gamma-rays, the 90%
upper limit on the fraction of the gamma-ray integral flux relative to the cosmic-ray integral flux,
Iγ/ICR, is estimated by [7]

Iγ

ICR
<

N90

Ntotεγ

(
ECR

Eγ

)−β+1

, (4.1)
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Figure 2: Scatter distribution of the measured number of muons lg(Nµ) and number of charged particles
lg(Nch), superimposed with simulated gamma-ray showers. The green line indicates the selection criteria for
the subset of the muon-poor showers.

lg(Nch) Ntot N90 ECR Eγ Iγ/ICR Iγ (×10−17)
>6.5 6.19×106 358 3.21×104 1.38×104 <1.88×10−5 <1.19
>7 85537 351 8.72×104 3.29×104 <6.79×10−4 <8.51
>7.5 9640 214 2.21×105 8.30×104 <2.08×10−3 <8.64
>8 1239 122 5.31×105 1.98×105 <1.03×10−2 <8.32
>8.5 165 78 1.13×105 2.92×105 <2.48×10−2 <3.89

Table 1: Results of the search for diffuse ultra-high energy gamma-rays at different threshold values of Nch.
The mean cosmic-ray energy, ECR, and the mean gamma-ray energy, Eγ , are given in the unit of TeV. Iγ/ICR

is the 90% C.L. upper limit on the integral gamma-ray fraction, and Iγ is the 90% C.L. upper limit on the
integral gamma-ray flux in the unit of photons cm−2s−1sr−1.

where N90 is the 90% C.L. upper limit on the number of detected events, εγ is the efficiency for
gamma-ray detection, and β is the integral cosmic-ray spectral index (β = 3.0, Eγ > 4 PeV). ECR

and Eγ are the mean energies of cosmic-ray and gamma-ray, respectively, which produce the same
shower size (Nch). Therefore, they are calculated for a fixed Nch bin using the resulting Gaussian
function.

The results of the search for diffuse ultra-high energy gamma-rays for different threshold val-
ues of Nch are summarized in Table 1. To determine upper limits to the integral flux of gamma-rays
at fixed gamma-ray energies, we use measurements of the all-particle primary energy spectrum of
Ref. [8]. The flux limits are also given in Table 1.

Figure 3 displays the measurements on the gamma-ray fraction as a function of energy, includ-
ing this work, for the energy range of 10 PeV up to 300 PeV. The limits presented here represent
the first results in the energy range above 5×1016 eV.
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Figure 3: Fraction of gamma-rays relative to the cosmic rays. The red stars represent the results from
KASCADE-Grande.

These results are compared with other previous experiments [12, 13] and with theoretical
curves by a specific IceCube excess model [11] in Fig. 4. The lines are the IceCube excess models
coming from different distances of sources of neutrinos in the galaxy, where these neutrinos are
also responsible for primary gamma-rays. The updated results [10] of the KASCADE experiment
with more data are compatible with the theoretical prediction of the IceCube excess model coming
from < 20 kpc in the galactic plane. It might hence set some constrains on the distance of sources
for the IceCube Excess. Details will be described elsewhere in a forthcoming publication.

It should be noted that all values in Fig. 4 are upper limits, except the one from MSU [14];
This reported positive signal seems to be disproved by the presented results.

5. Conclusion

Using full data sets measured by the KASCADE-Grande experiment, the 90% C.L. upper
limits to the diffuse flux of ultra-high energy gamma-rays for the energy range of 10 PeV to 300
PeV are determined by selecting showers with low muon contents.

The best upper limit to the fraction of the gamma-ray to the cosmic-ray flux is obtained:
Iγ/ICR < 1.88× 10−5 for 13.8 PeV. These stringent limits are the first results in the energy range
above 10 PeV, and might constrain a limit to the background rate of muon-poor showers in the
search for the galactic disk enhancement of cosmic rays. Comparison of these experimental upper
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Figure 4: Comparison of integral flux of gamma-rays with previous results and with theoretical curves by
an IceCube excess model [11].

limits with the theoretical predictions is still required, since no theoretical predictions exist so far
at energies around 10 PeV. These preliminary results will be improved by a more careful gamma-
hadron discrimination and also by a new muon reconstruction.

In addition, the results [10] of the original KASCADE experiment are updated by including
eight years of more data since the publication in Ref. [9]. It should be mentioned that this might
set some constraints on the distance of sources for the IceCube excess.
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